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(57) ABSTRACT

An optical transmission device includes an optical phase
modulator and a signal generation function. The optical
phase modulator 1s controlled, so that when the state of an
intensity-modulated optical signal shifts from a first lumi-
nescent state, through a non-luminescent state, to a second
luminescent state, the phase of the optical signal 1n the first
luminescent state and the phase of the optical signal in the
second luminescent state are inverted with respect to each
other, or so that when the state of the intensity-modulated
optical signal shifts from the first luminescent state, through
two or more non-luminescent states, to a third luminescent
state, the phase of the optical signal 1n the first luminescent
state and the phase of the optical signal in the third lumi-
nescent state are mverted with respect to each other.

14 Claims, 20 Drawing Sheets

14

PHASE MODULATION
S | GNAL

13
/ OUTPUT

OPTICAL PHASE -
—>

S|GNAL CONVERSION

CIRCGUIT
15

MODULATOR




US 7,388,703 B2

401V 1NAON

y 401V INCAON
1HO1 1

4SVHd 1VO11d0 ALISN4IN| 1VO11d0
1nd1no

m_‘\
/\

Sheet 1 of 20

Gl

110419

WNOIS NO1S44ANOD TVNDIS
NOILYINAON ISYHd

Jun. 17, 2008

14

1 914

U.S. Patent

L1041
JA1HA a1

TVNDIS NOISSTHSNVAL



d]

4OL1YINCON 1IN%Y19
EEAHJ 3vHd Wordo | €S A | 3na 0
1NdLN0
gl 0Z
1100419

o}
IVNDIS NOISHIANOD TYNDIS
NO! LV INAOW JSYHd

US 7,388,703 B2

Sheet 2 of 20

Gl

JYNDIS NOISSIWNSNVYL

Jun. 17, 2008

4

¢ Il

U.S. Patent



.++ 000 XX XX QOO X 3SVH
1H917 1nd1no

US 7,388,703 B2

«+ O L LOOL L O L O ALISNIINI

Sheet 3 of 20

000 L 1L 1100 TYNDIS NOILYINAON ISYHd
© 0L 1LO0O0LLOLO TWNDIS NOISSIHSNYL
= 6 8 L 9 ¢ ¥ ¢ ¢ | 0 ONIWNIL 1VNIIS
g |
; ¢ 9l 4
-



U.S. Patent Jun. 17, 2008 Sheet 4 of 20 US 7,388,703 B2

OUTPUT

F1G. 4

INPUT




US 7,388,703 B2

Sheet 5 of 20

Jun. 17, 2008

U.S. Patent

O X X X X O 00 X X

1SVHd
1HO1'T 1Nd1ng

O L L OO L L O L O ALISNIINI

O L L L Lt OOO1L1

OL L OOL LOLO

6 8 L 9§ ¥ € ¢ I 0

G914

IVNDIS NOILYINAOW 1SVHd

TVNDIS NOISSTWSNVAL

ININIL TWNDIS



U.S. Patent Jun. 17, 2008 Sheet 6 of 20 US 7,388,703 B2

OUTPUT

F1G. 6

INPUT



US 7,388,703 B2

e« 000 X X XX Q0 X 4SVHd

e+ O L L OO L L O L O ALISNIINI

H
LIHO11 1Nd1no

dOLV INdON
15YHd 1VJ11d0

Sheet 7 of 20

el

- 0O0O0L L L L OO

JVNDIS NOILVINAOW dSVHd

Jun. 17, 2008

L Il

U.S. Patent

OL LOOLLOLDO

€ y\9|S V)1Ld0

NOILVINQOW ALISNALINI



TYNIIS 1454

US 7,388,703 B2

TVNDIS
NO 1SS INSNVYL

VNIIS

NOILV INAON dSVH4 TVNDIS 131534

Sheet 8 of 20

LSY
= 40O JMID
< d8 Yl — TYNDI'S
m NOISSINSNVdL
E O a
JVNDIS

NOI1V INAOW dSVYHd
=
P
=
-
/) Y8 914
-



US 7,388,703 B2

Sheet 9 of 20

Jun. 17, 2008
To
-

U.S. Patent

S

SRR PR RRY (NP
-

1----------------

-----------------T-------------—----

-

P

e
i o - - - -
-
el L L T L L T T L L T T T T e P —————
.
T U U U PRy S ——
-

6 Yl

___________-_---_+_-_-_-__________-*--_---_-----____

----_-_-_-_-___-_+_-_-_-_---_-___-_{_-_---_-_-_--_--

1-----------?—---

._é_.,

—-------—---------T-ﬁ---_-_—--__----

TVNI IS
NO |1V INJON
15VHd

TINDIS
NOISS INSNVAL

ONIWIL TVNDIS

-
Y R S



U.S. Patent Jun. 17, 2008 Sheet 10 of 20 US 7,388,703 B2

IJ
80 100

(
transmission distance
(km)

60

FI1G. 10
../.

40

20

LD T ™M N - O |

(gp) Ajeuad
uoissiwusueld}



US 7,388,703 B2

&

=

:

% 43914 91 LdO

—

-
P 1H91 7

E 1nd1No

L0l

U.S. Patent

11nJ419 JAIYA QT

L1 914

al e

LINDYID JAIHA @7

@
1VND IS T041NOD 9l

(D C

TYNDIS T04IN0D dI

14V 4014d



llllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

US 7,388,703 B2
L
I—-
<C
-
T
_
=
L]
(D
o
LL]
_—
=
—
-
=
O
=

......................................................................................................................................................................... ar dj
T
201 914
MD

~

k=

-

2

o J1VIS INJOSINIWNT

& d4¢1 914
=

=

- TYNDIS

NOISS ITWSNVYHL

=

[ 0 0O 1 0 1 1 0 1 0 Vél 9l
<

-
S“ 14V 401 4d
-



US 7,388,703 B2

0, e,

13A341 01907
> acl |4
m Lt eeeeeeeeeessae e ae oo ses st e e ettt r e eeerererseeesees
= T13A31 01907
" (0, s
= T73A37 01907
. Vel 914
= L)) oottt et rer e

14Ad1 019071

14V 40 1d4d

U.S. Patent



S01L

- ¢ IVNIIS AdVNIE ONd
112419
A 140 Q1

\

US 7,388,703 B2

Aﬂ
1HO| 1

1NdLN0

AdVNIG ONd

/

¢cOb  v0l

Sheet 14 of 20

]
1O}

A0)

Jun. 17, 2008

L TVNDIS AdVNIE ONd
GOl

vl 914

U.S. Patent

11N0d10 INIAOONS

VNIIS
NO 1SS IASNVY1

14V d01dd



v — XL U —— 1A — 0 —  3ISVHd

TVNDIS AYVNIG ONd
.+ 0O L LOOLLO L O ALSNINI

US 7,388,703 B2

_ e 0 1100 L-1-0 L O Z TYNDIS AYVYNIE ONg
2 0L LOOLLO L0 | IYNDIS AYYNIE ONG
3 e 0 LLOOLLOLDO TYNDIS NOISS | NSNVYL
6 8 /. 9¢ ¥ € 21 O ONINIL 1TVNDIS
|5
M Gl 9]
% 14V d01¥d
-



US 7,388,703 B2

Sheet 16 of 20

Jun. 17, 2008

U.S. Patent

¢ C ¢ ¢
(% + 1)S00 7 = AM - - JM)S0D + A.mm t+ J7)S0D

(8°L'%'C ONINIL TVNDIS)
( «NO,, NOILYINAOW ALISNIINI) .l,, TYNOIS NOISSINSNVYL ¥04

91 914

¢ C ¢
(J)S007 = AM +— = J2)S09 + Amm. -+ J7)S02

(L ONINIL T¥NDIS) .
( «NO,, NOI1YINGOW ALISNIINI) ., TYNDIS NOISSIWSNYYL ¥04

d9l 914

0 = (J@)uis + (Jo)uis — = AW — J@)S0D + AW + J@)S00

( «340,, NOILYTINAOW ALISNIINI) .0, TYNDIS NOISSINSNVYL ¥O

Vol Dl

1dV d01dd



|
aa | O |
e
. | | )
%
¢
™~
7P, I\
- .D N "o
i i
|
UUu JARCTE

3 O o
- 13737 919077
=

:-.__- ...............................................................................................................................................................
o 14A31 19071
R N |
M 14Ad1 31901
—
K TARCTE

nn—- .....................................................
m 13AT T
3
3 | O |
ol
»
o L4V 40 1¥4d



401V 1NCAON d0LV INCAON

US 7,388,703 B2

T | 3SVHd OILdO ALISNIINI T¥O11dO
1Nd1N0
CLl 7L
m GLL /mvv
) L1N9Y19
3 AVT3G
m., NNP\ 11NoY19
: - ON 1 G0IN3

NOI1V INJON JSVHd \
L Cl

gl 9l

U.S. Patent

22

L1INJYI19
AA1H0 A

TVNOIS NOISSTHSNYAL

14V ¥01dd



US 7,388,703 B2

Sheet 19 of 20

Jun. 17, 2008

U.S. Patent

b 48!

e O X X U O X U O O  ISYH
1HO 11 1Nd1N0

.« O L LOOL L O L O ALISNIINI

0L L1l ol 1100 IVNDIS NOILVINGON 4SVHd
= O L LOOLLOLO TVNDIS NOISSINSNVYL
6 8L 9SG ¥ € C 1L O ONINIL TYNDIS

ol 9l 14V 401 dd



US 7,388,703 B2

Sheet 20 of 20

Jun. 17, 2008

U.S. Patent

JELER

13A31

13AI T

JEIER

0

P-

0

|

J1907

J1901

lllllllllllllllllllllllllllllllllllllllllllllllllllll

14V 40144



US 7,388,703 B2

1

OPTICAL TRANSMISSION DEVICE AND
OPTICAL PHASE MODULATOR

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to an optical transmission
device and an optical phase modulator for enabling
increased transmission rate and transmission distance.

2. Description of the Related Art

Recently, large capacity transmission networks using light
have been widely used. In an optical transmission system
which constitutes such an optical network, an IM/DD (inten-
sity modulation/direct detection) scheme 1s extensively
implemented. In such an IM/DD scheme, intensity of an
optical output 1s modulated, using logic levels of a signal to
be transmitted such as “0” and “1” which correspond to
states of the optical output such as a “luminescent state” and
a “non-luminescent state”, respectively. Then, the received
modulated optical signal 1s photoelectrically converted and
directly detected using a photodiode (PD) or the like. As an
optical transmission line for use 1n the optical network, a
single-mode optical fiber 1s commonly employed. However,
the wavelength dispersion characteristics of single-mode
optical fibers result 1n an increased pulse width, degradation
of the received optical signal, and interference between
symbols, thereby imposing limitations on transmission rate
and distance.

Techniques related to optical transmission will be
described 1n detail with reference to the attached drawings.
FIG. 11 illustrates a direct intensity modulation technique, 1n
which the intensity of an optical output of an LD (laser
diode) 1s directly modulated using an LD drive circuat.

Referring now to FIG. 11, an LD drive current 1s com-
posed of a bias current (Ib) controlled by an Ib control signal
and a modulation current (Ip) controlled by an Ip control
signal. The LD drive current 1s applied to an LD 101. The
LD, 101 then produces output light (optical signal) whose
intensity 1s modulated 1n accordance with a transmission
signal.

FIGS. 12A through 12C illustrate output light whose
intensity 1s modulated 1n accordance with a transmission
signal.

FIG. 12A 1illustrates the transmission signal. FIG. 12B
illustrates the intensity-modulated output light. The LD 101
1s biased by the Ib and outputs a continuance wave (CW)
optical signal which 1s modulated by the Ip in accordance
with the transmission signal. A logic level “0” and a logic
level “1” of the transmission signal represent a non-lumi-
nescent state and a luminescent state of the output light,
respectively. The output light of FIG. 12B can generally be
represented by a wavetorm as shown 1 FIG. 12C 1 which
the CW 1s not shown.

In the following, a state of an optical signal transmitting,
a transmission signal which 1s at logic level “0” 1s referred
to as a non-luminescent state or “Ofl”, and a state of an
optical signal transmitting the transmission signal which 1s
at logic level “1” 1s referred to as a luminescent state or
“On”.

FIG. 13 illustrates degradation of an optical signal. For
example, when a transmission signal over three time slots
has a logic level sequence of “101”, an optical recerver,
when used 1n short distance transmission, can distinguish the
logic level transitions, as shown i FIG. 13A. However,
when the optical signal 1s recerved by the optical receiver
after long distance transmission, the amplitude of the optical
signal becomes smaller at logic level “17, and the pulse

10

15

20

25

30

35

40

45

50

55

60

65

2

width of the optical signal becomes longer at logic level <17,
as shown 1n FIG. 13B. This causes the optical receiver to
misrecognize the signal element of the logic level “0”” 1n the
second time slot as the signal element of the logic level “17,
due to the expanded pulse width of each adjacent signal
clement of the logic level “1”. The likelithood that this
misrecognition occurs increases as a signal interval of one
time slot becomes shorter, which results from an increased
transmission rate, and as a receiving level for an optical
signal becomes shorter, which results from an increased
transmission distance.

With a view to overcoming the foregoing, or to realizing
a higher transmission rate as well as a longer transmission
distance, an optical duo binary technique 1s proposed by
Yonenaga et al. [3], “Optical duo binary transmission system
with no receive sensitivity degradation”, Electronics Letters,
Vol. 31 No. 4, 16 Feb. 1995, and 1n Japanese Unexamined
Patent Application Publication No. 08-139681. In the pro-
posed duo binary techmique, a binary signal having logic
levels “0” and *“1” 1s transmitted, so that the signal 1is
recognized to have three logic levels; a logic level “0” and
two different logic levels “17, for each of which the phase of
the signal 1s shifted by & radians.

FIG. 14 1s a first diagram 1illustrating the duo binary
technique. FIG. 15 1s a second diagram illustrating the duo
binary technique. FIG. 16 1s a third diagram illustrating the
duo binary technique.

In FIG. 14, an LD 101 1s configured to be controlled by
an LD drive circuit 102 1n which a bias current (Ib) 1s set and
to output a CW as a source of an optical carrier. A duo binary
encoding circuit 104 generates a duo binary signal 1 and a
duo binary signal 2 for producing duo binary codes. The
intensity and phase of the CW are modulated by a Mach-
Zehnder 1nterferometer-type optical intensity modulator
(MZ)103, 1n accordance with the duo binary signal 1 and the
duo binary signal 2 supplied through the respective drivers
105.

In FIG. 15, for example, 1n signal timing 0 through signal
timing 9, each signal timing corresponding to a time slot, a
logic level sequence of a transmission signal 1s
“0101100110”. The logic level sequence of the intensity of
an optical duo binary signal that represents output light 1s
“0101100110.” The phase of the optical duo binary signal 1s
indefinite and represented as “-”’, when the signal intensity
logic level 1s “0”. When the signal intensity 1s at logic level
“1” 1n signal timing 1, the phase of the optical duo binary
signal 1s “0”. In signal timings 3, 4, 7, and 8, the signal
intensity 1n each signal timing 1s at logic level “1”°, and the
phase of the optical duo binary signal 1s *“1”. This indicates
the phase of duo binary signal 1s configured to be inverted
with respect to the phase 1n signal timing 1, in this case, with
signal intensity logic level “1”. In this example, a signal for
applying an electric field to a first waveguide of the MZ 103
of FIG. 3 refers to the duo binary signal 1, and a signal for
applying an electric field to a second waveguide of the MZ
103 of FIG. 3 refers to the duo binary signal 2. The phase
inversion (phase shift by m radians) with respect to the phase
of a signal element of logic level “1” 1s represented as “-17.

The equation of FIG. 16A illustrates a case where the
transmission signal 1s at logic level “0” (intensity modula-
tion “Off). A first CW (optical carrier signal) traveling
along the first waveguide of the MZ 103 can be represented
as COS(wt+m/2), and a second CW ftraveling along the
second waveguide of the MZ 103 can be represented as
COS(wt-m/2). This indicates that the first CW and the
second CW from the first and second waveguides of the MZ
103 are combined, which results 1 output light whose
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amplitude 1s “0”. The equation of FIG. 16B 1llustrates a case
where the transmission signal 1s at logic level “1” (intensity
modulation “On”) with respect to signal timing 1. The first
CW traveling along the first waveguide of the MZ 103 1s
phase modulated so as to be represented as COS(mt+m/2-
n/2), and the second CW traveling along the second
waveguide of the MZ 103 1s phase modulated so as to be
represented as COS(wt+m/2+m/2). Then, the first CW and the
second CW are combined, so as to be represented as
2COS(mt).

FIG. 16C illustrates a case where the transmission signal
1s at logic level “1”” (intensity modulation “On’”) with respect
to signal timings 3, 4, 7, and 8. The first CW traveling along,
the first waveguide of the MZ 103 1s phase modulated so as
to be represented as COS(wt+m/2+m/2), and the second CW
traveling along the second waveguide of MZ 103 1s phase
modulated so as to be represented as COS(wt-m/2-m/2).
Then, the first CW and the second CW are combined,
thereby being represented as 2COS(wt+).

Thus, an optical transmission device for transmitting a
ternary optical signal can be realized 1n such a manner as
described above. The ternary optical signal includes three
values each of which can be represented by a phase value
“0” resulted from a transmission signal at logic level “07,
and two different phase values “2COS(wt)” and “2COS(wt+
)’ of the CW optical signal, which are obtained where the
transmission signal 1s at logic level “1”.

FIG. 17 1illustrates a characteristic of the duo binary
technique, with respect to the optical signal generated
through the duo binary technique described with reference to
FIG. 14 and FIG. 15. For example, where a logic level
sequence ol a transmission signal over three time slots 1s
“101” similarly to the case of FIG. 13, long distance
transmission results 1n the smaller amplitude and the longer
pulse width, as illustrated in FIG. 17B. On the other hand,
as shown 1 FIG. 17A, the phases of the signal elements of
logic level “1” 1n the first and third time slots are inverted
with respect to each other. This can compensate the inter-
terence caused by the adjacent signal elements of logic level
“1,” which may occur in the timing when the transmission
signal 1s at the logic level *“0”, 1n the second time slot, 1n this
case. Thus, the receiver can distinguish the signal element at
the logic level “0” without error.

However, the above duo binary technique needs a signal
generation procedure for converting a binary signal into a
ternary signal and for obtaiming a ternary electric signal for
driving an optical modulator, resulting 1n further needs for
complicated modulating means and means for driving the
modulating means.

Japanese Unexamined Patent Application Publication No.
10-112688 discloses a duo binary technique 1n view of the
above disadvantage. In the duo binary technique, an optical
intensity modulator provided 1n a preceding stage performs
intensity modulation on a optical signal, and an optical phase
modulator provided 1n a subsequent stage performs phase
inversion on the mntensity modulated optical signal which 1s
at logic level “0”.

FIG. 18 1llustrates an optical transmission device which
implements the duo binary technique. The optical transmis-
sion device includes an LD drive circuit 110, an LD 111, an
optical intensity modulator 112, an optical phase modulator
113, plural drivers 115, an encoding circuit 121, and a delay
circuit 122. The LD drnive circuit 110 applies an LD current,
in which a bias current (Ib) 1s set, to the LD 111. The LD 111
oscillates 1n response to the bias current set to be larger than
or equal to a stimulated emission threshold LD current and
then generates a continuous wave (CW) optical signal. The
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4

optical intensity modulator 112 modulates the intensity of
the CW optical signal generated by the LD 111 1n accor-
dance with a transmission signal recerved through the driver
115. More specifically, the intensity of the CW optical signal
1s modulated so as to be 1n a non-luminescent state when the
transmission signal 1s at logic level “0”, and to be 1n a
luminescent state when the transmission signal 1s at logic
level “1”. The optical phase modulator 113 modulates the
phase of the mtensity-modulated CW optical signal 1n accor-
dance with a phase modulation signal. The encoding circuit
121 generates a control signal (phase modulation signal) for
causing the optical phase modulator 113 to 1invert the phase
of the CW optical signal (phase shiit by m radians), in
response to the logic level “0” of the transmission signal.
The delay circuit 122 delays the phase modulation signal,
thereby matching the timing of the phase modulation signal
with the timing of phase modulator 113.

FIG. 19 1llustrates an example of code conversion accord-
ing to the duo binary technique. In signal timing 0 to signal
timing 9, a logic level sequence of a transmission signal over
ten time slots 1s “0101100110”. Under this condition, the
logic level sequence of the intensity of output light is
“0101100110”, 1n which “0” and ““1” indicate a non-lumi-
nescent state and a luminescent state, respectively The
phase of the output light represents code conversion in
which the phase of a CW optical carrier signal 1s inverted
(shifted by m radians) with respect to a preceding phase,
when the transmission signal 1s at logic level “0”. For
example, 1 signal timing 0, the logic level of the output light
intensity 1s “0”, and the phase 1s mverted to “0”. In signal
timing 1, the logic level of the output light intensity 1s <17,
and thus the phase 1s held to be “0”. In signal timing 2, the
logic level of the output light intensity 1s “0”, and thus the
phase 1s inverted (shufted by m radians). In signal timing 3
and signal timing 4, the logic level of the output light
intensity 1s “1”°, and thus the phase 1s held to be “m”. In signal
timing 3, the logic level of the output light intensity 1s <07,
and thus the phase 1s inverted to “0”. Likewise, in signal
timing 6 and signal timing 9, the phase 1s inverted, and in
signal timing 7 and signal timing 8, the phase in the previous
signal timing 1s maintained. The encoding circuit 121 gen-
erates a phase modulation signal whose logic level 1s shitted
when the transmission signal 1s at logic level “0”, thereby
controlling the optical phase modulator 113.

FIG. 20 illustrates signal degradation that occurs 1n the
duo binary technique of FIG. 19. In FIG. 19, 1n signal timing
1 and signal timing 3, the phases of the optical signal
clements at logic level “1” of the output light are inverted
with respect to each other. On the other hand, 1n signal
timing 4 and signal timing 7, the phases of the optical signal
clements at logic level “1” of the output light are i1dentical,
or © radians. Thus, as 1llustrated in FIG. 17C, the phases of
the CW optical signal elements 1n signal timing 1 and signal
timing 3 are inverted with respect to each other. This cancels
the interference that occurs in signal timing 2 1in this
example, or when the signal 1s at logic level “0”, due to the
adjacent signal elements at logic level “1”°, which enables an
optical receirver to distinguish each logic level without error.
However, 1n signal timing 4 and signal timing 7, the phases
of the CW optical signal elements in each timing are
identical, or m radians, leaving the cancellation of the
interference msudlicient.

As described above, the optical transmission device
employs the duo binary technique, in which an optical
intensity modulator arranged at a preceding stage modulates
the intensity of an optical signal and 1n which an optical
phase modulator arranged at a subsequent stage inverts the
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phase of the mtensity modulated optical signal in response
to an optical signal intensity logic level “0” (in a non-
luminescent state). In such an optical transmission device,
when a logic level sequence of a transmission signal over
four time slots 1s “1001”, an optical signal element which
corresponds to a transmission signal component of logic
level “0” (non-luminescent state) may be misrecognized as
being at logic level “1” (luminescent state) due to an
extended pulse width. This phenomenon has imposed a
limitation on increases in transmission rate and distance.
More specifically, as a transmission rate increases, a time
slot interval becomes shorter. As a transmission distance
increases, a receiving level for an optical signal becomes
lower, making transmission vulnerable to interference
between symbols.

SUMMARY OF THE

INVENTION

The present invention has been made 1n consideration of
the above circumstance. Accordingly, the present invention
provides an optical transmission device and an optical phase
modulator for realizing a higher transmission rate and a
longer transmission distance.

According to an aspect of the present invention, an optical
transmission device includes an optical phase modulator for
modulating a phase of an intensity-modulated optical signal
and a signal conversion circuit. The signal conversion circuit
provides a control signal to the optical phase modulator, so
that when a state of the intensity-modulated optical signal
shifts from a first luminescent state, through a non-lumines-
cent state, to a second luminescent state, the phase of the
optical signal in the first luminescent state and the phase of
the optical signal i the second luminescent state are
inverted with respect to each other, or so that when the state
of the intensity-modulated optical signal shifts from the first
luminescent state, through at least two non-luminescent
states, to a third luminescent state, the phase of the optical
signal in the first luminescent state and the phase of the
optical signal in the third luminescent state are inverted with
respect to each other.

According to an embodiment of the present invention, the
optical transmission device 1s provided, 1n which when there
1s at least one optical signal element representing a non-
luminescent state between optical signal elements each
representing a luminescent state, the phases of the optical
signal elements each representing the luminescent state are
inverted with respect to each other.

According to another aspect of the present invention, an
optical phase modulator modulates a phase of an intensity-
modulated optical signal, so that when the state of the
intensity-modulated optical signal shifts from a first lumi-
nescent state, through a non-luminescent state, to a second
luminescent state, the phase of the optical signal in the first
luminescent state and the phase of the optical signal 1n the
second luminescent state are inverted with respect to each
other, or so that when the state of the intensity-modulated
optical signal shifts from the first luminescent state, through
two or more non-luminescent states, to a third luminescent
state, the phase of the optical signal 1n the first luminescent
state and the phase of the optical signal in the third lumi-
nescent state are mverted with respect to each other.

According to an embodiment of the present invention, the
optical phase modulator 1s provided, in which when there 1s
at least one optical signal element representing a non-
luminescent state between optical signal elements each
representing a luminescent state, the phases of the optical
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signal elements each representing the luminescent state are
inverted with respect to each other.

The optical transmission device and optical phase modu-
lator according to an embodiment of present invention are
capable of generating output light 1n which even when there
are two or more optical signal elements each representing a
non-luminescent state between optical signal elements each
representing a luminescent state, the phases of the optical
signal elements each representing the luminescent state are
inverted with respect to each other.

Accordingly, the optical transmission device and the
optical phase modulator according to an embodiment of the
present invention can realize further increases in transmis-
sion rate and transmission distance, compared with the
above-mentioned IM/DD technique and the technique dis-
closed 1n Japanese Unexamined Patent Application Publi-
cation No. 10-112688, as will be hereinatter described with
reference to FIG. 10.

Moreover, the optical phase modulator according to the
present invention requires only half the amount of the
modulation bandwidth used by the known techniques. This
tacilitates implementation of features of known phase modu-
lators.

BRIEF DESCRIPTION OF TH.

(L]

DRAWINGS

FIG. 1 1s a first diagram 1llustrating an optical transmis-
sion device according to an embodiment of the present
invention;

FIG. 2 1s a second diagram 1illustrating an optical trans-
mission device according to an embodiment of the present
invention;

FIG. 3 1s a first diagram 1llustrating a condition in an
optical phase modulator;

FIG. 4 1s a first diagram 1llustrating a logic operation of
a signal conversion circuit;

FIG. 5 1s a second diagram illustrating a condition 1n an
optical phase modulator;

FIG. 6 1s a second diagram 1illustrating a logic operation
ol a signal conversion circuit;

FIG. 7 illustrates an optical phase modulator according to
an embodiment of the present invention;

FIG. 8A illustrates a signal conversion circuit according
to an embodiment of the present invention;

FIG. 8B illustrates a signal conversion circuit according
to an embodiment of the present invention;

FIG. 9 illustrates cycles of a phase modulation signal;

FIG. 10 1llustrates an eflfect of the present invention;

FIG. 11 1illustrates a direct intensity modulation;

FIGS. 12A through 12C 1llustrate an itensity-modulated
optical signal in accordance with a transmission signal;

FIGS. 13A and 13B illustrate degradation of output light;

FIG. 14 1s a first diagram illustrating a duo binary
technique;

FIG. 15 1s a second diagram illustrating a duo binary
technique;

FIGS. 16A through 16C are equations illustrating a duo
binary technique;

FIGS. 17 A through 17C illustrate a characteristic of a duo
binary technique;

FIG. 18 1llustrates an optical transmission device imple-
menting a duo binary technique;

FIG. 19 1illustrates an example of code conversion by a
duo binary technique; and

FIG. 20 1llustrates signal degradation in the duobinary
technique of FIG. 19.
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DESCRIPTION OF THE PREFERRED
EMBODIMENTS

The present invention will be described in detail with
reference to the accompanying drawings, in which like
numbers refer to the same or similar elements.

First Embodiment

FIG. 1 1s a first diagram illustrating an optical transmis-
sion device according to an embodiment of the present
invention. The optical transmission device 1s provided with
the following components: a laser diode (LD) drive circuit
10, an LD 11, an optical intensity modulator 12, an optical
phase modulator 13, a signal conversion circuit 14, and
plural drivers 15. The LD 11 and the optical intensity
modulator 12 are coupled through an optical path. The
optical intensity modulator 12 and the optical phase modu-
lator 13 are also coupled through an optical path. The LD
drive circuit 10 applies an LD current in which a bias current
(Ib) 1s provided. The LD 11 oscillates in response to the bias
current set to be larger than or equal to a stimulated emission
threshold LD current and then generates a continuous wave
(CW) as a source of an optical carrier signal. The optical
intensity modulator 12 modulates the intensity of the CW
optical signal which 1s generated from the LD 11 1n accor-
dance with a transmission signal received through the driver
15. More specifically, the intensity modulation 1s performed,
so that the CW optical signal 1s 1n a non-luminescent state
when the transmission signal 1s at logic level “0”, and the
CW optical signal 1s 1n a luminescent state when the
transmission signal 1s at logic level “1”. The optical phase
modulator 13 modulates the phase of the intensity-modu-
lated CW optical signal, in accordance with a phase modu-
lation signal received through the driver 15. The signal
conversion circuit 14 generates a control signal (phase
modulation signal) for controlling the optical phase modu-
lator 13, such that when the state of an intensity-modulated
optical signal shifts from a first luminescent state, through a
non-luminescent state, to a second luminescent state, the
phase of the optical signal in the first luminescent state and
the phase of the optical signal 1n the second luminescent
state are 1mverted with respect to each other. More specifi-
cally, when the logic level of the transmission signal
received by the signal conversion circuit 14 shifts from “0”
to “17, the logic level of the phase modulation signal 1s
inverted. The signal conversion circuit 14 matches the
timing of the phase modulation signal with the timing of the
intensity-modulated optical signal on the basis of the char-
acteristics of the optical intensity modulator 12. The optical
intensity modulator 12 may be a Mach-Zehnder optical
intensity modulator produced using lithium niobate
(LiNbO3:LN) which 1s an optical modulation element uti-
lizing a non-linear optical eflect, a Mach-Zehnder optical
intensity modulator produced using a semiconductor, or an
clectro-absorption (EA) type optical intensity modulator.
The optical phase modulator 13 may be a Mach-Zehnder
optical phase modulator produced using lithium niobate
(LiNbO3:LN) which 1s an optical modulation element uti-
lizing a non-linear optical effect or a Mach-Zehnder optical
phase modulator produced using a semiconductor.

Second Embodiment

FIG. 2 1s a second diagram illustrating an optical trans-
mission device according to an embodiment of the present
invention. The optical transmission device has an LD drive
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circuit 20 and an LD 11 which 1s coupled with an optical
phase modulator 13 through an optical path. The LD dnive
circuit 20 applies to the LD 11 an LD drive current in which
a bias current (Ib) and a modulation current (Ip) based on a
transmission signal are provided. The LD 11 oscillates in
response to the bias current (Ib) set to be larger than or equal
to a stimulated emission threshold LD current. The LD 11
then generates a continuous wave (CW) as the source of an
optical carrier signal which 1s directly modulated, so that the
optical signal 1s in a non-luminescent state when the trans-
mission signal 1s at logic level “0”, and the optical signal 1s
in a luminescent state when the transmission signal 1s at
logic level “1”. The optical phase modulator 13 modulates
the phase of the intensity-modulated CW optical signal in
accordance with a phase modulation signal received through
the driver 15. The signal conversion circuit 14 generates a
control signal (phase modulation signal) for controlling the
optical phase modulator 13, such that when the state of an
intensity-modulated optical signal shifts from a first lumi-
nescent state, through a non-luminescent state, to a second
luminescent state, the phase of the optical signal in the first
luminescent state and the phase of the optical signal 1n the
second luminescent state are inverted with respect to each
other. More specifically, when the logic level of the trans-
mission signal received by the signal conversion circuit 14
shifts from “0” to “17, the logic level of the phase modu-
lation signal 1s inverted. The optical intensity modulator 12
may be a Mach-Ze¢hnder optical intensity modulator pro-
duced using lithtum niobate (LiNbO3:LLN) which 1s an
optical modulation element utilizing a non-linear optical
cllect, a Mach-Zehnder optical intensity modulator pro-
duced using a semiconductor, or an electro-absorption (EA)
type optical itensity modulator. The optical phase modu-
lator 13 may be a Mach-Zehnder optical phase modulator
produced using lithium niobate (LiNbO3:LLN) which 1s an
optical modulation element utilizing a non-linear optical
ellect or a Mach-Zehnder optical phase modulator produced
using a semiconductor.

According to the first and second embodiments, the
optical transmission device 1s capable of generating an
optical signal, 1n which when there 1s at least one optical
signal element representing a non-luminescent state between
optical signal elements each representing luminescent state,
the phases of the optical signal elements each representing
the luminescent state are inverted with respect to each other.
Moreover, the optical transmission device 1s capable of
generating an optical signal, in which when there 1s at least
one optical signal element representing a luminescent state
between optical signal elements each representing a non-
luminescent state, the phases of the optical signal elements
cach representing the non-luminescent state are inverted
with respect to each other.

Consequently, even when there are two or more optical
signal elements of non-luminescent states over two time
slots between optical signal elements of the luminescent
state, interference caused by the adjacent optical signal
clements of the luminescent states can be canceled. There-
fore, this reduces interference between symbols that may
occur when the optical signal 1s transmitted through a single
mode optical fiber that 1s widely used as an optical trans-
mission line for an optical network.

Third Embodiment

FIG. 3 1s a first diagram 1llustrating a condition in the
optical phase modulator of FIG. 1 or FIG. 2. For example,
in signal timing 0 to signal timing 9, a logic level sequence
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of a transmission signal over ten time slots 1s “0101100110”.
In this condition, every time at least one optical signal
clement representing a non-luminescent state 1s located
between optical signal elements each representing a lumi-
nescent state, the phases of the optical signal elements each
representing the luminescent state are inverted with respect
to each other.

In signal timing 0, output light 1s 1n the non-luminescent
state, and a phase modulation signal i1s at logic level “17.
Thus, the phase of the output light 1s “zt” 1n this timing. In
signal timing 1, the output light 1s 1n the luminescent state.
In this case, since the output light 1n the preceding timing 1s
in the non-luminescent state, the phase 1s inverted to “0”. In
signal timing 2, since the output light 1s 1n the non-lumi-
nescent state, the phase 1n the preceding timing 1s held to be
“0.” In s1gnal timing 3, the output light 1s in the luminescent
state. Since the output light 1n the preceding timing 1s in the
non-luminescent state, 1.e., there 1s an optical signal element
representing the non-luminescent state between optical sig-
nal elements representing the luminescent state, the phase 1s
iverted to “m”. In signal timing 4, the output light 1s in the
luminescent state. However, the output light in the preceding
timing 1s 1n the luminescent state as well, 1.e., there 1s no
optical signal element of the non-luminescent state between
optical signal elements of the luminescent state. Thus, the
phase of the output light in the preceding timing is held to
be “m”. In each signal timing 35 and signal timing 6, the
output light 1s 1 the non-luminescent state, and the phase of
the output light 1n the preceding timing 1s held to be “x”. In
signal timing 7, the output light 1s 1n the luminescent state,
and the output light in the preceding timing i1s in the
non-luminescent state, 1.¢., there are optical signal elements
of the non-luminescent state between optical signal elements
of the luminescent state. Thus, the phase 1s inverted to “0”
in this timing. In signal timing 8, the output light 1s 1 the
luminescent state, and the output light in the preceding
timing 1s also in the luminescent state, 1.e., there are no
optical signal elements of the non-luminescent state between
optical signal elements of the luminescent state. Thus, the
phase 1n the preceding timing 1s held to be “0”. In signal
timing 9, similarly to signal timing 2, the phase 1s held to be
“0”. The signal conversion circuit 14 generates a phase
control signal as a control signal, so that the optical phase
modulator 13 can produce the phase sequence of the output
light as described above. Specifically, when the phase of the
output light 1s to be “0”, the phase control signal 1s at logic
level “0””, and when the phase of the output light 1s to be “”,
the phase control signal 1s at logic level “17.

FIG. 4 1s a first diagram 1illustrating a logic operation of
the signal conversion circuit of FIG. 1 or FIG. 2, which
allows creation of such a state sequence 1n the optical phase
modulator as described above with reference to FIG. 3. In a
condition where the logic level of an input signal of the
signal conversion circuit 14 shifts from “0” to “17, if the
present logic level of an output signal of the signal conver-
s1on circuit 14 15 <07, the logic level shiits to “1”. In the same
condition, 1f the present logic level of the output signal 1s
“17, the logic level shifts to “0”. In a condition where the
logic level of the mput signal of the signal conversion circuit
14 shifts from “1”” to “0”” or where no shiit occurs to the logic
level, the present logic level of the output signal 1s main-
tained. In the latter condition, 11 the present logic level of the
output signal 1s “1” or “07, the logic level “1” or “0” 1s
output from the signal conversion circuit 14, respectively.
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Fourth Embodiment

FIG. 5 1s a second diagram 1llustrating a condition 1n the
optical phase modulator of FIG. 1 or FIG. 2. For example,
in signal timing 0 to signal timing 9, a logic level sequence
of a transmission signal over ten time slots 1s 0101100110,
In FIG. 5, a state sequence of output light to be generated 1s
illustrated, 1n which every time at least one optical signal
clement of a CW optical carrier signal representing a lumi-
nescent state 1s located between optical signal elements each
representing a non-luminescent state, the phases of the
optical signal elements each representing the non-lumines-
cent state are inverted with respect to each other.

In signal timing 0, the output light 1s in the non-lumines-
cent state, and a phase modulation signal 1s at logic level
“1”. Thus, the phase of the output light 1s “x”. In signal
timing 1, the output light 1s 1n the luminescent state, and thus
the phase of the output light 1n the preceding timing 1s held
to be “mt”. In signal timing 2, since the output light 1s 1n the
non-luminescent state, whereas the output light in the pre-
ceding state 1s 1n the luminescent state. This indicates that
there 1s an optical signal element of the luminescent state
between optical signal elements of the non-luminescent
state, and thus the phase 1s mverted to “0”. In each signal
timing 3 and signal timing 4, the output light 1s 1n the
luminescent state, and thus the phase of the output light 1n
the preceding timing 1s maintained. In signal timing 5, the
output light 1s 1n the non-luminescent state. Since the output
light 1n the preceding timing 1s in the luminescent state, the
phase 1s inverted to “m”. In signal timing 6, the output light
1s 1n the non-luminescent state. Since the output light 1n the
preceding timing 1s in the non-luminescent state, 1.¢., there
1s no optical signal element of the luminescent state between
optical signal elements of the non-luminescent state, the
phase of the output light 1n the preceding timing 1s held to
be “m”. In each signal timing 7 and signal timing 8, the
output light 1s 1 the luminescent state, the phase of the
output light 1n the preceding timing 1s held to be “x”. In
signal timing 9, similarly to signal timing 2, the phase 1s
iverted to “0”. The signal conversion circuit 14 generates
an phase control signal as a control signal for causing the
optical phase modulator 13 to generate the phase state of
output light as described above, in which the phase “0” of
the output light corresponds to the signal logic level <0, and
the phase “m” of the output light corresponds to the signal
logic level “17.

FIG. 6 1s a second diagram illustrating a logic operation
of the signal conversion circuit of FIG. 1 or FIG. 2, which
allows creation of the state sequence in the optical phase
modulator as described above with reference to FIG. 5. In a
condition where the logic level of an input signal of the
signal conversion circuit 14 shifts from “1” to “07, 11 the
present logic level of an output signal of the signal conver-
s1on circuit 14 1s “07, the logic level shifts to “1”. In the same
condition, if the present logic level of the output signal is
“17, the logic level shifts to “0”. In a condition where the
logic level of the mput signal of the signal conversion circuit
14 shafts from “0” to “1”” or where no shift occurs to the logic
level, the present logic level of the output signal 1s main-
tained. In the latter condition, when the present logic level
of the output signal 1s “1”” or “0”, the logic level “1” or “0”
1s output from the signal conversion circuit 14, respectively.

Fifth Embodiment

FIG. 7 1llustrates the optical phase modulator of FIG. 1 or
FIG. 2, which 1s associated with the state sequence described
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with reference to FIG. 3, for example. The optical phase
modulator 13 receives an intensity-modulated optical signal
(intensity modulation optical signal) through an optical path.
The logic level sequence of the intensity modulation optical
signal over ten time slots 1s “0101100110”. The optical
phase modulator 13 also receives a phase modulation signal,
a control signal for performing phase modulation, which has
a logic level sequence of 1001111000, The phase modu-
lation signal 1s received at an appropriate timing for modu-
lating the intensity modulation optical signal. The optical
phase modulator 13 causes the phase of the intensity modu-
lation optical signal to be inverted (phase shifted by m
radians), when the phase modulation signal 1s at logic level
“1”, or causes the phase of the intensity modulation optical
light to be maintained, when the phase modulation signal 1s
at logic level “0”. Therefore, the optical phase modulator 13
produces output light having an intensity logic level
sequence of “0101100110” and a phase sequence of
“m00mett000”. The optical phase modulator as 1illustrated
with reference to FIG. 5 also performs a similar operation.
The optical phase modulator 13 may be a Mach-Zehnder
optical phase modulator produced using lithium niobate
(LiNbO3:LN) which 1s an optical modulation element uti-
lizing a non-linear optical effect or a Mach-Zehnder optical
phase modulator produced using a semiconductor.

Sixth Embodiment

FIGS. 8A and 8B 1llustrate the signal conversion circuit of
FIG. 1 or FIG. 2. FIG. 8A shows a configuration of the signal
conversion circuit 14 which 1s associated with the logic
described with reference to FIG. 4. FIG. 8B shows a
configuration of the signal conversion circuit 14 associated
with the logic operations described with reference to FIG. 6.
As 1llustrated by a D flip-flop (D-FF) 1n FIG. 8A, the logic
operations 1illustrated in FIG. 4 can be implemented by a
circuit configuration of the D-FF 1n which an inverted output
1s supplied to a data input terminal D, and a transmission
signal, which 1s the mput of the signal conversion circuit 14,
1s 1nput to a clock terminal (CLK). This configuration causes
the logic level of the output to be mverted when the logic
level of the transmission signal shifts from “0” to “17. A
reset terminal (RST) 1s provided for setting the output logic
when the signal conversion circuit 14 1s activated. Likewise,
the logic operations described with reference to FIG. 6 can
be implemented by a D-FF shown 1n FIG. 8B, which causes
the logic level of the output to be mverted when the logic
level of the transmission signal shifts from “1” to “0”.

FI1G. 9 illustrates cycles of a phase modulation signal. For
cach of signal timing 0 to signal timing 135, the logic level
sequence of a transmission signal over 1 16 time slots 1s
“0101101010101010”. When the signal conversion circuit
14 has the configuration as illustrated in FIG. 8A, the logic
level of a phase modulation signal 1s mverted 11 the logic
level of the transmission signal shifts from “0” to “1”.

Thus, the number of cycles (frequency) used in the phase
modulation signal to be supplied to the optical phase modu-
lator 13 1s demultiplied by a factor of two with respect to a
maximum Irequency of the transmission signal. This 1ndi-
cates that modulation performed by the optical phase modu-
lator 13 requires half the amount of bandwidth compared to
the bandwidth of a corresponding transmission signal.
Therefore, this facilitates implementation of the features of
known phase modulators.

As described above, the optical transmission device and
the optical transmission system are provided, in which:
when there 1s at least one optical signal element representing,
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a non-luminescent state between optical signal elements
cach representing a luminescent state, the phases of the
optical signal elements each representing the luminescent
state are inverted with respect to each other; or 1n which
when there 1s at least one optical signal element representing
the luminescent state between optical signal elements each
representing the non-luminescent state, the phases of the
optical signal elements each representing the non-lumines-
cent state are mnverted with respect to each other. In the
optical transmission device and the optical transmission
system, interference between symbols, which occurs in the
optical signal element of the non-luminescent state between
the signal elements of the luminescent state, can be can-
celed, which contributes to increases in transmission rate
and distance.

In addition, in the optical transmission device and the
optical transmission system, phase modulation 1s performed
so that the phase of the optical signal 1s inverted when the
state of an 1ntensity modulated optical signal shifts from a
luminescent state to a non-luminescent state, or when the
state of the intensity modulated optical signal shifts from a
non-luminescent state to a luminescent state. Therefore, the
number of cycles (frequency) used 1n a control signal which
1s used to control an optical phase modulator 1s demultiplied
by a factor of two with respect to the number of cycles
(frequency) of the luminescent state and non-luminescent
state 1n the optical signal. This indicates that modulation
performed by the optical phase modulator requires half the
amount of bandwidth compared with the bandwidth of a
corresponding transmission signal. Therefore, this facilitates
implementation of the features of known phase modulators.

FIG. 10 1s a graph illustrating an eflect of the present
invention. A line (a) in the graph represents a simulated
relationship between a transmission distance and a trans-
mission penalty 1n an optical transmission system that uses
the known IM/DD technique. A line (b) represents a simu-
lated relationship between a transmission distance and a
transmission penalty in an optical transmission system that
uses the technique disclosed 1n the Japanese Unexamined
Patent Application Publication No. 10-112688. A line (c)
represents a simulated relationship between a transmission
distance and a transmission penalty in an optical transmis-
sion system that employs an embodiment of the present
invention.

In FIG. 10, when the allowable transmission penalty 1n
cach of the optical transmission systems 1s 3 db, the trans-
mission distance of the optical transmission system using the
known IM/DD technique 1s approximately 40 km, 65 km 1n
an optical transmission system that uses the technique
disclosed 1n the Japanese Unexamined Patent Application
Publication No. 10-112688, and 70 km 1n the optical trans-
mission system that employs an embodiment of the present
invention.

What 1s claimed 1s:

1. An optical transmission device comprising:

an optical phase modulator for modulating a phase of an

optical signal modulated by an intensity of a transmis-
ston signal; and

a signal conversion circuit for providing a control signal

to the optical phase modulator, so that when a state of
the optical signal shifts from a first luminescent state,
through one non-luminescent state, to a second lumi-
nescent state, the phase of the optical signal 1n the first
luminescent state and the phase of the optical signal 1n
the second luminescent state are inverted with respect
to each other, or so that when a state of the optical
signal shifts from the first luminescent state, through
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to a second luminescent state, the phase of the optical signal
in the first luminescent state and the phase of the optical
signal 1 the second luminescent state are inverted with
respect to each other, or so that when a state of the optical
signal shifts from the first luminescent state, through two or
more non-luminescent states, to a third luminescent state,
the phase of the optical signal 1n the first luminescent state
and the phase of the optical signal 1n the third luminescent
state are inverted with respect to each other.

13

two or more non-luminescent states, to a third lumi-
nescent state, the phase of the optical signal in the first
luminescent state and the phase of the optical signal 1n
the third luminescent state are inverted with respect to
cach other. 5
2. The optical transmission device according to claim 1,
wherein the optical signal 1s generated using an optical
intensity modulator for modulating an output light of an
optical source, and i1s transmitted through an optical

path for coupling the optical intensity modulator to the
optical phase modulator.

3. The optical transmission device according to claim 1,

wherein the optical signal 1s generated using an optical
source for permitting direct modulation, and 1s trans-
mitted through an optical path for coupling the optical
source to the optical phase modulator.

4. The optical transmission device according to claim 1,

wherein the signal conversion circuit provides the control
signal to the optical phase modulator so as to invert the
phase of the optical signal when the state of the optical
signal shifts from a non-luminescent state to a lumi-
nescent state.

5. The optical transmission device according to claim 1,

wherein the signal conversion circuit provides the control
signal to the optical phase modulator so as to invert the
phase of the optical signal when the state of the optical
signal shifts from a luminescent state to a non-lumi-
nescent state.

6. The optical transmission device according to claim 1,

wherein the optical phase modulator comprises one of a
Mach-Zehnder optical phase modulator produced using
lithium niobate (LiNbO3:LN) and a Mach-Zehnder
optical phase modulator produced using a semiconduc-
tor.

7. The optical transmission device according to claim 2,

wherein the optical intensity modulator comprises one of
a Mach-Zehnder optical intensity modulator produced
using lithium niobate (LiNbO3:LLN), a Mach-Zehnder
optical intensity modulator produced using a semicon-
ductor, and an electro-absorption (EA) type optical
intensity modulator.

8. An optical phase modulator for modulating a phase of
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9. The optical phase modulator according to claim 8,

wherein the optical signal 1s generated using an optical
intensity modulator for modulating an output light of an
optical source, and 1s transmitted through an optical
path for coupling the optical intensity modulator to the
optical phase modulator.

10. The optical phase modulator according to claim 8,

wherein the optical signal 1s generated using an optical
source for permitting direct modulation, and 1s trans-
mitted through an optical path for coupling the optical
source to the optical phase modulator.

11. The optical phase modulator according to claim 8,

wherein the optical phase modulator modulates the optical
signal so as to invert the phase of the optical signal
when the state of the optical signal shifts from a
non-luminescent state to a luminescent state.

12. The optical phase modulator according to claim 8,

wherein the optical phase modulator modulates the optical
signal so as to 1nvert the phase of the optical signal
when the state of the optical signal shifts from a
luminescent state to a non-luminescent state.

13. The optical phase modulator according to claim 8,

further comprising;:

one of a Mach-Zehnder optical phase modulator produced
using lithium niobate (LiNbO3:LN) and a Mach-Ze-
hnder optical phase modulator produced using a semi-
conductor.

14. The optical phase modulator according to Claim 9,

wherein the optical imtensity modulator comprises one of
a Mach-Zehnder optical intensity modulator produced
using lithium niobate (LiNbO3:LLN), a Mach-Zehnder
optical intensity modulator produced using a semicon-
ductor, and an electro-absorption (EA) type optical

an optical signal modulated by an intensity of a transmission intensity modulator.
signal, so that when a state of the optical signal shifts from

a first luminescent state, through one non-luminescent state, k0 k ok % ok
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